SUMMARY
A cloned xylanase gene from the ruminal bacterium Bacteroides ruminicola 23 was transferred by conjugation into the colonic species Bacteroides fragilis and Bacteroides uniformis by using the Escherichia coli-Bacteroides shuttle vector pVAL-l. The cloned gene was expressed in both species, and xylanase specific activity in crude extracts was found to be at least 1400-fold greater than that found in the B. ruminicola strain. Analysis of crude extract proteins from the recombinant B. fragilis by SDS-PAGE demonstrated a new 60000 molecular weight protein. The xylanase activity expressed in both E. coli and B. fragilis was capable of degrading xylan to xylooligosaccharides in vitro. This is the first demonstration that colonic Bacteroides species can express a gene from a ruminal Bacteroides species.
INTRODUCTION
Genetic manipulation in the genus Bacteroides has been limited to colonic species such as B. fragilis, B. ovatus, B. thetaiotaomicron, and B. uniformis [1] [2] [3] . However, a great amount of interest has been directed towards developing genetic systems for the ruminal organism Bacteroides ruminicola [4, 5] . B. ruminicola has been demonstrated to be phylogenically related to the colonic Bacteroides [6] , but to date there has been no report of vectors and antibiotic resistance genes used in the colonic Bacteroides being successfully introduced and expressed in B. ruminicola strains. We have attempted to introduce B. fragilis vectors into B. ruminicola by conjugation and electroporation, and the results have also been negative. These results suggest that the plasmid vectors may not replicate in B. ruminicola, or the clindamycin resistance gene (ermF) may not be expressed by the organism.
An alternative approach to this problem would be to determine if colonic Bacteroides species could express a gene isolated from B. ruminicola strain. A xylanase gene cloned from B. ruminicola 23 was used for these experiments; this is the only gene thus far cloned from a ruminal Bacteroides [7] . We now report for the first time heterologous 
MATERIALS A D METHODS

Bacterial strains, plasmids, and media
Strains and plasmids used in this study are listed in Table 1 . Plasmids R751 and pVAL-l were obtained from Abigail Salyers, University of Illinois. For conjugation experiments, B. fragilis and B. unijormis were grown anaerobically on Brain Heart Infusion (BHI, BBL Microbiology Systems, Cockeysville, MD) medium supplemented with hemin (2.5 J-tg/ml) and cysteine (500 J-tg/ml) in an atmosphere of 80% 2-20% CO 2 , Bacteroides transconjugants were selected on BHI-agar plates supplemented with clindamycin (5 J-tg/ml) and gentamycin (200 J-tg/rnl) in an anaerobic chamber with an atmosphere of 75% N 2 -20% CO 2 -5% H 2 . E. coli strains were grown on LB medium (10 g of tryptone, 5 g of yeast extract, 5 g N aCI per liter) or LB supplemented with ampicillin (50 J-tg/ml), tetracycline (10 J-tg/ml), or trimethoprim (200 J-tg/ml) for maintenance of plasmids. B. ruminicola were grown anaerobically on RGM medium, a complex yeast extract-trypticase-salts medium [8] containing 0.2% carbon source.
Cloning and mating procedures
The xylanase gene from B. ruminicola 23 was previously cloned into pUC18 on a 5.7-kilobase (kb) genomic fragment [7] . For sub-cloning into the E. coli / Bacteroides shuttle vector pVAL-l, the insert was digested with BamHI and Sail. The resulting 4.5-kb DNA fragment containing the xylanase gene was ligated into the BamHI/ Sall sites of pVAL-l to form pVAL-RX, then transformed into competent HBI0l (15) . The resulting clone was then mated with E. coli strain 153 containing the self-mobilizing plasmid R751. HBI0l transconjugants containing both R751 and pVAL-RX were selected by plating on LB-agar containing trimethoprim and ampicillin. Fi!ter mating procedures for conjugation between E. coli and Bacteroides were performed essentially as previously described [16] . Transfer frequency was defined as the number of transconjugants per viable recipient cell at the end of the mating period.
Protein and enzyme analysis
Bacteroides strains were grown on RGM medium containing 0.2% carbon source to mid-log phase, while E. coli strains were grown on LBampicillin to mid-log phase. Cells were harvested by centrifugation at 10000 X g at 4 0 C for 10 min, and suspended at about 5% of the original culture volume in 50 mM sodium phosphate-l mM dithiothreitol (pH 7.0) on ice. Cells were broken by one passage through a French pressure cell at 10000 Ib/in 2 , and centrifuged at 30000 X g for 30 min at 4 0 C. The supernatant fluid (crude extract) was recovered and used for enzymatic assays and protein analyses.
Xylanase activity was determined aerobically by monitoring release of reducing sugars from larchwood xylan (10 mgjml) with orcinol as described [8] , with xylose as the standard. One unit of enzyme activity is described as the amount of enzyme that catalyzed the formation of 1 .umol of xylose equivalents in 1 h at 37 0 C. Protein concentrations were estimated by the dye-binding assay of Bradford [18] with the commercial reagent (Bio-Rad Laboratories, Richmond, CA), and fraction V of bovine serum albumin as the standard. Proteins were analyzed by sodium dodecyl sulfatepolyacrylamine gel electrophoresis (SDS-PAGE) by the method of Laemmli [19] . The stacking gel was 4% acrylamide and the resolving gel was 8% acrylamide. Proteins were stained with Coomassie Brilliant Blue R-250.
Analysis of xylan degradation products
Degradation of larchwood xylan by the B. ruminicola xylanase and the cloned gene product in E. coli and B. fragilis was analyzed by incubating xylan with crude extracts from each organism (approximately 0.1 units of activity) for 5 h at 37 0 C. The xylooligosaccharide products were separated by thin-layer chromatography on Whatman silic gel plates (K-5; 250 .urn particles) developed with nitroethane-ethanol-water (1: 3 : 1, vIvIv). The products were visualized with N-(l-naphthyl) ethylenediamine spray (15; S.L. Evans and R.J. Stack, manuscripts in preparation).
5. Materials
Restriction endonuclease enzymes and T4 D A ligase were purchased from Bethesda Research Laboratories, Gaithersburg, MD. Larchwood xylan was obtained from Sigma Chemical Co., St. Louis, MO. All other materials were of reagent grade or better.
RESULTS AND DISCUSSION
The cloning of the B. ruminicola xylanase gene [7] Crude extracts were prepared from both B. fragilisI pVAL-RX and B. uniformisI pVAL-RX grown on RGM-glucose, and assayed for xylanase activity. A comparison of activities from different strains is shown in Table 2 . 0 detectable activity was found in either Bacteroides strains containing pVAL-1, whereas very high activity was detected in extracts from pVAL-RX-containing strains. This is the first example of heterologus expression of a gene between ruminal and colonic Bacteroides species. The activity from B. fragilis and B. uniformis containing the xylanase gene when grown on RGM-glucose was 1400-fold and 1600-fold, respectively, greater than that found in B. ruminicola grown on the same medium. No detectable activity was noted in the medium following growth of either the Bacteroides or E. coli clones. The enzyme activity also appears to be cell-associated with B. ruminicola (unpublished data). Clear- ing zones on RBB-xylan plates are probably due to release of the xylanase from cell lysis. When B. ruminicola was grown on oatspelt xylan, xylanase activity increased 3D-fold (Table 2 ). However, neither B. fragilis or B. uniformis containing the xylanase gene could grow on RGM-oatspelt xylan. In E. coli, the xylanase gene is transcribed from an endogenous promoter [7] , and it is likely that an endogenous promotor is also being used in the Bacteroides clones since neither tetracycline or ampicillin resistance is expressed in Bacteroides. Weare now working to determine the promoter region responsible for expression in B. ruminicola, B. fragilis, and E. coli.
Crude extracts from B. fragilis j pVAL-l and B. fragilisjpVAL-RX were subjected to analysis X6 1 2 3 4
shown in Fig. 2 The cloned xylanase in both E. coli and B. fragilis was able to produce xylooligosaccharides down to xylotriose (X3, Lanes 3 and 4), while the extract from B. ruminicola produces xylobiose and xylose (Lane 2). The production of xylobiose and xylose by B. ruminicola is probably due to the presence of xylosidase activity which is not found in either E. coli or B. fragilis (data not shown). These results indicate that the xylanase cloned from B. ruminicola is most likely a B(1-4)-endoxylanase.
The high degree of expression of the xylanase gene ( Table 2 ) in both B. fragilis and B. uniformis is the first indication that heterologous gene expression between colonic and ruminal Bacteroides can occur. This result also suggests that the clindamycin resistance gene (erm F) may be expressed in B. ruminicola, as well as other structural genes. However, the possibility still exists that the colonic Bacteroides plasmids may not be able to replicate in B. ruminicola, or that the vectors are not entering the cells.
